PS cDKO mice could be due to poor vision, motivation, and/or sensorimotor abilities, all four genotypic groups months of age revealed no significant alterations in general behavior, motor coordination, and exploratory anxiwere tested in the visible platform task with 4 trials per day for 5 days. All groups improved their performance ety (data not shown).
At 2 months of age, Nissl-stained brain sections of rapidly with similarly low latencies (p Ͼ 0.5) (data not shown). These results demonstrate that PS cDKO mice PS cDKO, PS1 cKO, PS2 Ϫ/Ϫ , and control mice revealed similar brain morphology ( Figures 1A and 1B , data not exhibit a mild but detectable impairment in spatial memory. shown). Stereological analysis of PS cDKO (n ϭ 4) and control (n ϭ 5) brains demonstrated similar neuronal We next assessed all four genotypic groups in contextual fear conditioning, in which robust hippocampal number and neocortical volume (p Ͼ 0.05) ( Figure 1C ). Immunoreactivity for microtubule-associated protein 2 memory can be acquired in a single trial. All four genotypic groups displayed similar levels of freezing immedi-(MAP2) and synaptophysin in the neocortex and hippocampus was similar for all four genotypes (Figures 1D ately after training (p Ͼ 0.62). When presented with the training context after a retention delay of 24 hr, however, and 1E, data not shown). Golgi-stained pyramidal neurons in hippocampal area CA1 displayed similar den-PS cDKO mice (16.7% Ϯ 2.8%) showed significantly reduced levels of freezing compared to control (27.4% Ϯ dritic spine morphology and density in PS cDKO and control mice ( Figure 1F ). Together, these results indicate 3.7%), PS1 cKO (29.4% Ϯ 4.4%), and PS2 Ϫ/Ϫ (34.3% Ϯ 7.7%) mice (p Ͻ 0.01) ( Figure 2D ). These results show normal brain cytoarchitecture, neuronal number, and morphology in PS cDKO mice at this age.
that long-term contextual memory is intact in PS1 cKO and PS2 Ϫ/Ϫ mice but impaired in cDKO mice.
Mild Memory Impairment in PS cDKO Mice at 2 Months Impaired Synaptic Plasticity in PS cDKO Mice at 2 Months To determine the functional effects of PS inactivation in the adult brain, we examined hippocampal learning and The cognitive deficits exhibited by PS cDKO mice prompted us to investigate whether presenilins are required for memory in PS cDKO mice using the Morris water maze task. The performance of all four genotypic groups imthe modulation of synaptic function. We examined the Schaeffer collateral pathway of PS cDKO mice for defiproved significantly during the course of training (day 1 versus day 5, p Ͻ 0.0001) (Figure 2A) . PS cDKO mice, cits in synaptic transmission and two forms of plasticity, long-term potentiation (LTP) and long-term depression however, exhibited significantly longer latencies (p Ͻ 0.001) and path lengths (p Ͻ 0.0001) relative to the con-(LTD). We first quantified the initial slope of the evoked field excitatory postsynaptic potential (fEPSP) and the trol group, while their swimming speed was similar (p ϭ 0.23) (Figure 2A, data not shown) . In the posttraining amplitude of the fiber volley (FV), which is a measure of the number of recruited axons, in acute hippocampal probe trial, all four genotypic groups searched preferen- Figure 3C ). The magnitude of LTP measured 60 min after TBS in PS cDKO mice (121.6% Ϯ 4.5%) was significantly primarily the AMPAR response, is normal in PS cDKO mice ( Figure 3A ). To measure NMDAR responses more lower relative to control mice (150.9% Ϯ 8.8%, p Ͻ 0.002). LTD induced by a paired-pulse low-frequency directly, we isolated NMDAR-mediated responses pharmacologically and normalized them to the FV amplitude. stimulation (ppLFS), which has been shown to induce LTD effectively in slices of mature mice (Kemp and Again, we found a dramatic reduction in the NMDAR/ FV ratio in PS cDKO mice (p Ͻ 0.001) ( Figure 4B ), indicatBashir, 1997), was unaffected in PS cDKO mice ( Figure  3D ). The magnitude of LTD measured 75 min after condiing a severe reduction of postsynaptic NMDAR-mediated responses in these mutant mice at 2 months of age. tioning in PS cDKO mice (81.3% Ϯ 1.7%) was similar to that in control mice (78.0% Ϯ 1.9%; p ϭ 0.23). Thus, To explore the mechanism underlying reduced NMDAR responses further, we measured the levels of NMDAR inactivation of presenilins selectively compromises LTP but not LTD. Together, these results show that presenisubunits in the cerebral cortex of PS cDKO and control mice at 2 months of age. Western analysis showed that lins are required for normal synaptic plasticity, providing a cellular basis for the memory deficits observed in PS total cortical levels of NR1, NR2A, and NR2B subunits were unchanged. However, the levels of NR1 and NR2A cDKO mice. 
Age-Dependent Neuronal Degeneration
became progressively more severe at 6 and 9 months of age. Collectively, these results document age-depenin PScDKO Mice To determine whether loss of PS function in the adult dent, progressive neurodegeneration in mice lacking presenilins in the postnatal forebrain. brain produces age-dependent anatomical alterations, we analyzed PS cDKO mice at 6, 9, and 16 months of age. These mutant mice begin to exhibit excessive grooming Severe Memory Impairment and Synaptic Dysfunction in PS cDKO Mice at 6 Months behavior, increased stereotypy in the open field, and reduced latency in the rotarod test at the age of 6 months To assess the impact of ongoing neuronal degeneration on learning and memory, we next tested PS cDKO, PS1 (data not shown). Nissl-stained brain sections demonstrated progressive and striking loss of cerebral cortical cKO, and control mice at 6 months of age in the water maze task. PS cDKO mice performed very poorly, with gray and white matter accompanied by enlargement of the lateral ventricles ( Figure 5A ). Stereological quantifisignificantly longer latencies and path lengths compared to control and PS1 cKO mice (p Ͻ 0.0001), cation of neuronal number and volume of the neocortex of PS cDKO (n ϭ 7) and control (n ϭ 7) mice at 6-9 whereas PS1 cKO mice performed as well as control mice with similar latencies (p ϭ 0.29) ( Figure 6A ) and months of age demonstrated an 18%-24% reduction in neuronal number (p Ͻ 0.05) and ‫%53ف‬ reduction in path lengths (p ϭ 0.84). The posttraining probe trial revealed that PS1 cKO and control mice displayed signeocortical volume (p Ͻ 0.05).
Immunohistochemical analysis revealed marked, pronificantly higher occupancies of the target quadrant relative to other quadrants (p Ͻ 0.0001), whereas PS cDKO gressive reduction in MAP2 reactivity in the neocortex ( Figure 5B ) and the hippocampus of PS cDKO mice at mice failed to show such a preference (p Ͼ 0.05) ( Figure  6B ). The number of platform crossings by PS cDKO mice 6 and 9 months of age. Golgi staining demonstrated a reduction in the dendritic complexity and spine density (0.9 Ϯ 0.3) was much lower than that of control (4.8 Ϯ 0.6) and PS1 cKO (4.1 Ϯ 0.8) mice (p Ͻ 0.0001) (Figure of CA1 pyramidal neurons ( Figures 5C and 5D ). Quantification of CA1 pyramidal neurons (n ϭ 40 for cDKO; n ϭ 6C). Their swimming speed during the 5-day training period and their performance in the visible platform 30 for control) of PS cDKO (n ϭ 4) and control (n ϭ 3) brains revealed a 25% reduction in the total length of task were indistinguishable from control and PS1 cKO groups (p Ͼ 0.05) (data not shown), indicating that the dendrites (p Ͻ 0.0005) and 15% and 11% decreases in branch points of apical (p Ͻ 0.001) and basal (p Ͻ 0.02) performance deficit of PS cDKO mice in the water maze was not due to impaired sensorimotor abilities. We furdendrites, respectively. Synaptophysin immunoreactivity was also markedly reduced in the hippocampus (Fig- ther examined PS cDKO, PS1 cKO, and control mice at 6 months of age in contextual fear conditioning. Alure 5E) and neocortex, indicating loss of presynaptic terminals. The loss of neurons, dendrites, and presynapthough all three genotypic groups displayed similar levels of freezing immediately after training (p ϭ 0.41), PS tic terminals was accompanied by an age-dependent inflammatory response, as indicated by a dramatic incDKO mice (10.2% Ϯ 3.5%) showed significantly reduced levels of freezing when presented with the traincrease in astrogliosis with age in the neocortex ( Figure  5F ) and hippocampus. Glial fibrillary acidic protein ing context after a retention delay of 24 hr relative to control (56% Ϯ 6%) and PS1 cKO (60.2% Ϯ 4.5%) mice (GFAP) immunoreactivity was absent at 2 months but Figure  8B ), indicating that the heightened levels of phosphorying the specificity of the reduction in the exon III-containing transcripts. Similar results for multiple CREB/ lated tau detected in PS cDKO mice are due to hyperphosphorylation rather than any increase in total tau CBP-target genes were obtained at 5 weeks (1 week after PS1 is widely inactivated) and 6 months of age levels. Immunohistological analysis of PS cDKO brain sections using the CP13 antibody confirmed cytoplasmic (after PS cDKO mice have lost 18% of cortical neurons) (data not shown). The levels of c-Fos protein were simiaccumulation of hyperphosphorylated tau in cerebral cortical neurons (data not shown). larly reduced (57%) in PS cDKO mice ( Figure 7B ). These results demonstrate that presenilins positively regulate Abnormal phosphorylation of tau in AD has been asso- ., 1999) . Interestingly, tau of the postnatal forebrain and thereby were able to investigate their role in the adult brain. Our behavioral analysis was hyperphosphorylated in PS cDKO mice at residues known to be phosphorylated by Cdk5 in vivo, which revealed that disruption of both presenilins causes impairments in hippocampal learning and memory. Electrosuggests that altered Cdk5 activity might be responsible for the observed tau hyperphosphorylation. We therephysiological analysis in the Schaeffer collateral pathway demonstrated that loss of presenilin function results fore examined the levels of Cdk5 and its activators p35 and p25 in cerebral cortical extracts. Western analysis in selective impairments in LTP and NMDAR-mediated synaptic responses, providing a cellular basis for memshowed similar levels of Cdk5 and p35 in PS cDKO and control mice at 2, 6, and 9 months of age, but levels of ory impairments observed in these mutant mice. Importantly, these defects were evident at an age prior to the p25 were elevated in PS cDKO mice in an age-dependent manner with very low levels of p25 at 6 months onset of any detectable neuropathological abnormalities. Furthermore, the selective impairments in hippoand higher levels of p25 at 9 months ( Figure 8C Ser133-phosphorylated CREB were normal in the PS cDKO cerebral cortex, levels of CBP mRNA and protein crucial roles in these processes. We first addressed were significantly decreased. Since CBP is an essential the function of NMDARs, which are required for the cofactor for transcriptional activation by CREB, dimininduction of LTP and the formation of long-term memory ished CBP expression represents the likely basis for (Bliss and Collingridge, 1993). Moreover, conditional inthe global reduction in the transcription of CRE-bearing activation of the NR1 subunit in hippocampal area CA1 genes. Our identification of a previously unrecognized has been shown to cause prominent defects in Schaeffer consensus CBF-1 binding site in the CBP proximal procollateral LTP and spatial memory (Tsien et al., 1996) . moter in turn suggests that the observed reduction in Although synaptic transmission and AMPAR-dependent CBP transcription is a consequence of impaired Notch synaptic responses were normal at CA1 synapses in PS signaling in the absence of PS. The dependence of cDKO mice, NMDAR-dependent responses were signifiNotch signaling activity on PS, which participate in the cantly reduced. We detected a parallel reduction in the proteolytic cleavage of Notch to generate the constitusynaptic levels of NMDAR subunits (NR1 and NR2A), tively active intracellular domain (NICD), has been well providing a likely molecular basis for the observed imdocumented. Upon proteolytic release, NICD translopairment of synaptic NMDAR activity. In contrast, total cates to the nucleus and associates with the sequencecellular levels of NMDARs were normal in PS cDKO mice, specific DNA binding factor CBF-1 to activate transcripsuggesting that the selective reduction in synaptic tion of responsive genes. Thus, our findings suggest NMDAR levels may be due to a defect in intracellular a cascade in which PS-dependent Notch signaling trafficking or synaptic delivery. Consistent with this indirectly regulates CRE-dependent gene expression view, we detected a specific physical interaction bethrough the regulation of Notch-dependent CBP expression. tween PS1 and NMDARs in cerebral cortical lysates, The global reduction in CRE-dependent gene expresmore potent activator p25 (Patrick et al., 1999). Interestingly, increased levels of p25 and tau hyperphosphorylasion caused by loss of PS function in our study is in direct disagreement with a recent study reporting increased tion accompanied neurodegeneration in the cerebral cortex of PS cDKO mice. Consistent with p25-induced expression of c-fos as a consequence of PS1 inactivation (Marambaud et al., 2003) . In this report, reduced Cdk5 activation, excessive phosphorylation of tau occurred on multiple residues known to be phosphorylated N-cadherin processing in cultured PS1 null cells was found to cause decreased cytoplasmic retention of CBP in vivo by Cdk5. These observations suggest that loss of PS function can precipitate dysfunction of Cdk5 and and increased c-fos expression. In contrast, we examined the expression of multiple CRE-dependent genes, tau, which may further contribute to the progressive neurodegeneration in PS cDKO mice. including c-fos, by quantitative methods in the adult cerebral cortex, and we identified a consistent reduction On the basis of our findings, we propose a model in which loss of PS function in the adult brain causes in CRE-dependent transcription in the absence of PS function. Moreover, we also identified a parallel reducneurodegeneration via two primary mechanisms ( Figure  8D ). First, PS inactivation impairs the central mechation in both nuclear and cytoplasmic CBP levels as a consequence of PS inactivation, providing a mechanism nisms underlying synaptic plasticity, most significantly NMDAR function and CREB/CBP-dependent gene exfor the reduced transcription of CRE-dependent genes. While the basis for the discrepancy between the two pression, and these defects then promote subsequent neurodegeneration. Second, PS inactivation leads to instudies is unclear, it may reflect differences in methodology (e.g., RT-PCR versus quantitative real-time RT-PCR) appropriate activation of Cdk5 and tau hyperphosphorylation at later ages, which then exacerbate the ongoing or experimental system (i.e., cell culture versus adult brain).
neurodegeneration. ). PS cDKO mice were generated sured at ϩ40 mV, 100 ms after the response onset, whereas the by crossing PS1 cKO (fPS1/fPS1;␣CaM-Cre) with PS2 Ϫ/Ϫ mice. All AMPAR-mediated currents were taken as the peak amplitude refour experimental genotypic groups (fPS1/fPS1;␣CaM-Cre;PS2Ϫ/Ϫ, sponse recorded at Ϫ80 mV. fPS1/fPS1; ␣CaM-Cre, fPS1/fPS1;PS2Ϫ/Ϫ, and fPS1/fPS1) were obtained from two crosses (fPS1/fPS1;PS2Ϫ/Ϫ;␣CaM-Cre ϫ fPS1/ fPS1;PS2Ϫ/Ϫ and fPS1/fPS1; ␣CaM-Cre ϫ fPS1/fPS1), and litPreparation of Synaptoneurosomes, Immunoprecipitation, and Western Analysis termates were used for all experiments. fPS1/fPS1 and PS2 Ϫ/Ϫ mice were generated in C57BL6/129 hybrid background, whereas ␣CaM-Synaptoneurosomes were prepared from adult cerebral cortex essentially as described (Scheetz et al., 2000) . For the detection of Cre transgenic mice were generated in C57BL6/CBA hybrid strain and then backcrossed to B6 for more than 10 generations. There- Tau Mantamadiotis, T., Lemberger, T., Bleckmann, S., Kern, H., Kretz, Crook, R., Verkkoniemi, A., Perez-Tur, J., Mehta, N., Baker, M., Houl-
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